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$\mathbb{R}^{d}$ 2 $V\cup r$ (H
1 ) T $(V\cup r, T)$ $T$
(configuration with kernel) E $(V\cup\prime r\cdot, T)$
-. $\mathrm{C}(V\cup r,T)=\mathrm{M}\mathrm{i}\mathrm{r}1$ { $X\cup r$ : $X$ V, conv $(X\cup T)\ni 7’$ } $r$
(root) (system of rooted circuits) ,
$r$ $S(V\cup r,T)=\mathrm{M}\mathrm{i}_{11}.\{X\subseteq$
$V$ : conv(X $\cup T$ ) $\ni r\}$ stem clutter conv !
–
${\rm Min}$
stem clutter clutter 2
$\text{ }\backslash$
$S_{(V\cup r,T)}$
( stem stem clutter $\mathrm{x}$ stcm clutter
$\mathrm{C}(V\cup r,T)$ (rooted















(convex geometry) $E$ $\mathcal{K}$ .
(K1) $\emptyset\in \mathcal{K}$ ,
(K2) $X,$ $Y\in \mathcal{K}\Rightarrow X$ $\cap Y$ $\in \mathcal{K}$ ,
(K3) $X\in \mathcal{K},$ $X\neq E\Rightarrow\supset-x\in E\backslash X\mathrm{s}.\mathrm{t}$ . $X\cup x\in \mathcal{K}$ .





2. $T$ ( $E$ )
3. $\mathbb{R}^{d}$ $V$ -. {conv(X)\cap V: $X\underline{\subseteq}V$ }
1 ., ( )
$\mathrm{f}\mathrm{f}\mathrm{i}\backslash$ \Re
$\text{ }\backslash$ 1 [1] [8]






$\tau$ : $2^{E}$ $arrow$ $2^{E^{1}}$















$\mathrm{C}={\rm Min}\{Z\subseteq E : \mathrm{e}\mathrm{X}(Z/)\neq Z\}$
$\mathcal{K}$ (circuit)
$\mathcal{K}$ $\mathrm{C}$
$C$ $\in \mathrm{C}$ $C$ $=X\cup\cdot r$
‘ = $X$
$r$ $\in$ conv(X) 7
$C$ $(\mathrm{r}\mathrm{o}\mathrm{o}\mathrm{t})/$ $\mathrm{C}_{r}$ –
{ $X\cup\cdot r$ : $X\cup\cdot r$ $r$ } $\mathcal{K}$ { $X$ :
$X\cup\cdot r$ ( $r$ . } stem $\mathrm{c}1_{11}\mathrm{t}\mathrm{t}\mathrm{e}\mathrm{r}$
1.1. [9] $(V, T)$ $V\cap \mathrm{c}o\mathrm{r}\mathrm{l}\mathrm{v}(T)=$
$\emptyset$
$\mathcal{K}$




( [ $3\backslash$, p. 351, Fx.
8.13]) [9]
$r\in V$
stern clutter f $(V’\cup r, T)$








$\mathrm{C}\subseteq\{+, -, 0\}$E $\mathrm{C}$
(CO) $0\not\in \mathrm{C}$ ,
(C1) $C\in \mathrm{C}\Rightarrow-C\in \mathrm{C}$ ,
(C2) $C_{1},$ $C_{2}\in \mathrm{C}$ $\underline{C_{1}}\subseteq\underline{C_{2}}\Rightarrow C_{1}=C_{2}$ $C_{1}=-C_{2}$ ,
(C3) $C_{1},$ $C_{2}\in \mathrm{C}$ $x\in C_{1}^{+}\cap C_{2}^{-}$
$\Rightarrow\exists_{C’\in \mathrm{C}}\mathrm{s}.\mathrm{t}$ . $C^{\prime+}\subseteq C_{1}^{+}\cup C_{2}^{+}\backslash x$ $C^{\prime-}\subseteq C\sqrt\cup C_{2}^{-}\backslash x$ .
$C\in\{+, -, 0\}$E $C^{+}=\{e\in E : C_{e}=+\}$ $C^{-}=$
$\{e\in E:C_{e}=-\}$ $(C^{\mathrm{T}}|, C^{-})$ $-C$ $C$ $+$
- . $\underline{C}=C^{+}\cup C^{-}$
$\underline{\mathrm{C}}=\{ C: C\in t?\}$
4. . (





$\sum_{v_{\iota}\in V}\lambda_{i}v_{i}=0$ (\lambda i $\mathrm{E}\mathbb{R}$) $(\lambda_{1}, \lambda 2, )\lambda_{n})$
. ,,
support ( 0 )
181
(realizable)





feedback arc set ( acyclic
) blocker (
) feedback arc set $\lceil \mathrm{f}\mathrm{e}\mathrm{e}_{J}\mathrm{d}$back arc set
$\mathrm{p}\mathrm{r}\mathrm{o}\mathrm{b}\mathrm{l}\mathrm{e}\mathrm{m}\rfloor$
5
$\sum_{v_{i}\in V}\lambda$ i $v_{i}=$
$0,$ $\lambda_{i}\underline{>}0$ ( $\lambda_{1},$ $\lambda_{2}$ , , \lambda \mapsto $+$
conv $(\{v_{A_{1}}, , v_{i_{k}}\})\ni 0$
$\{v_{i_{1}}, \cdot , v_{i_{k}}\}$ $+$ 0










clutter $\mathrm{C}$ $e$ , 2
$\mathrm{C}\backslash e=\{X : X\in \mathrm{C}, e\not\in X\}$ ,







$(V, T)$ stem clutter
4
$A\subseteq V$ ,|
$S(V\cup r,T)$ = ${\rm Min}$ { $X\subseteq V$ : corlv $(X\cup T)\ni r$ } $\backslash A$
$=$ ${\rm Min}$ { $X\underline{\mathrm{C}}V$ : conv $(X\cup T)\ni r,$ $X\cap A=\emptyset$ }
$=$ ${\rm Min}$ { $X\subseteq(V\backslash A)-.$ conv $(X\cup T)\ni r$ }
$=$ S((V 0Ur,T)
$A$ $V$ $V\backslash A$ $A$
-.
$S_{(V\cup r,T)}/B--S_{((V_{\backslash }B)\cup\Gamma T\cup B)}($,
$B$ $B$
(
= ${\rm Min}$ { $X\backslash B$ : $X\in{\rm Min}\{Y\subseteq V$ : conv $(Y\cup T)\ni r\}$ }
$=$ Mirl{X\B: $X\in\{Y\subseteq V$ : conv(Y\cup T)\ni r}}=: ${\rm Min} \mathcal{X}$
= ${\rm Min}$ { $X\subseteq V\backslash B$ : conv $(X\cup T\cup B)\ni r$ } $=:\mathrm{M}$ in $\mathcal{Y}$
, $\forall X\in \mathcal{X}$ X\exists Y\in Y $\forall Y\in \mathcal{Y}$
$Y\subseteq\exists X\in \mathcal{X}$ )






Clutter 3 $\hslash \mathrm{B}$ $\mathrm{M}\mathrm{F}\mathrm{b}\mathrm{t}\mathrm{C}_{\text{ }}$ packing $\mathrm{p}\mathrm{r}\mathrm{o}\mathrm{p}\mathrm{e}\mathrm{r}\mathrm{t}\mathrm{y}_{\text{ }}$
idealness































2.1. $(V\cup r, T)$ $X\subseteq V$
(i) $X$ stem $X$ conv(X $\cup T$ ) $\ni r$
(ii) conv(X) $\mathrm{C}\mathrm{o}\mathrm{n}\mathrm{e}^{-}(T, r)$ conv(X)
( ). $\lceil X$ conv $(X\cup T)\ni r$
$\Leftrightarrow$
$\lceil X$
$\sum_{x_{i}\in X}\lambda$ i $x_{i}+ \sum_{t_{j}\in\tau l}x_{j}t_{j}=r$
$\sum\lambda_{i}+\sum\mu_{j}=1,$ $\lambda_{i},$ $\mu_{j}\geq 0.$
$\Leftrightarrow$
$\lceil X$ $x\in \mathrm{c}\mathrm{o}\mathrm{n}\mathrm{v}(X)$ $t\in \mathrm{c}\mathrm{o}\mathrm{n}\mathrm{v}(T)$ $r$
$\overline{xt}$
$\Leftrightarrow$
$\lceil X$ conv(X) $\mathrm{C}\mathrm{o}\mathrm{n}\mathrm{e}^{-}(T)$
(ii) full-dimensional
-
2.2. $\mathbb{R}^{d}$ $(V\cup r, T)$ stem $X$ $|X|\underline{<}d_{0}$






$\mathbb{R}^{2}$ $(V\cup r, T)$ stem clutter $S(V\cup r,T)$ 2.2
stem 1 2 $\mathrm{I}$











( ). ( 2 stem) 2.1 $\{x, y\}$
.
,
2 stem clutter $2K_{2}$
4 $\{x, y, z, w\}$ clutter
{ $\{x,$ $y\},$ {z, $w\}$ } { $\{x, y\}$ stem $x$ $\prime y$ (
($x$ $y$ )
$z$ $w$ $x$ $y$
’ $;^{-}-$ . $z$ $\backslash \prime w$ ,4
$\{x, w\}$ $\{y, z\}$ stem 4 $\prime w$ $z$ (
( )
- T $w$ $z$
$r$ . $\{w, z\}$ stem




2 $U$ $W$ ,, $U=\{u1, u_{2-}. , u_{k}\}$
,1 -.
$\mathrm{a}\mathrm{d}\mathrm{j}(u_{1})\underline{\supset}\mathrm{a}\mathrm{d}\mathrm{j}(u_{2})\supseteq$ $\supseteq \mathrm{a}\mathrm{d}\mathrm{j}(\prime u_{k})$





2.3 | $\mathbb{R}^{2}$ stem clutter
2.4. $\mathbb{R}^{d}$ stem clutter ,
$a_{\mathrm{t}}$ $\urcorner\sum(a_{i}-1)\leq d-1$
( . $d$ ( )
1 )
187
( ). 1.2 ,
$X_{1},$ $X_{2},$
$\tau$ . , $X_{k}$ stem , stem
clutter $\grave{\backslash }$ $r$ $(V\cup r, T)$
$X_{1},$ $X_{2},1$ , $X_{k},$ $T$
$X$ stem $X$ $T’\subseteq T$
$(X\cup T’, \emptyset)$ ( $T’$
) $((X, Y)$ $X$
$Y$ 1.2 )




$y_{i}$ $X_{i}’=X_{i}\backslash y_{i}$ $T$ $t$
1 $X_{1}’\cup X_{2}’\cup\cdot$ $.\cup X_{k}’\cup t$ $d+1$




$C^{+}=\{t, x1, x_{2}, , x_{a}\}$ ( $\{x_{1}, x_{2}, , x_{a}\},$ $C^{-}=\{z1, z_{2}, . , z_{b}\}$
$\text{ }$ $-T^{\backslash ^{\backslash }}$ $\xi)_{\mathrm{O}}$ ( {x1, . .. , $x_{a},$ $z_{1},$ $\mathrm{t}$ $,$ $\sim b?’$ } $\subseteq X_{1}’\cup\cdot$ $|\cdot\cup X_{k}’$ , $\mathrm{A}\mathrm{a}$
$T$ 1 C] $T$ $C$
) $z_{1}\in d\mathrm{Y}_{j_{1}}$ $j_{1}$
$C$ $(Xj_{1}\cup T_{j_{1}}, \emptyset)$ 2
$z_{1}\in(X,1\cup T_{j_{1}})\cap C^{-}$ (C3) $C_{1}$
$C_{1}^{+}\subseteq C^{+}\cup(X_{j_{1}}\cup T_{j_{1}})\backslash z_{1}$ , $C_{1}^{-}\subseteq C^{-}\cup\emptyset\backslash z1\subseteq\{z_{2}, . , z_{b}\}$
$C_{1}^{-}$ (C3)
$C_{2}$ $C_{2}^{-}$ 1 $C_{3}$
$\ldots\text{ }$ $C’$
$C^{\prime+}$
$\subseteq$ $\{t, x_{1} , . . , x_{a}\}\cup(X_{j_{t_{1}}}\cup T_{j_{l_{1}}})\backslash z_{l_{1}}\cup$ , $(\lambda_{j_{\mathrm{p}}}^{r},\cup T_{j\iota_{p}})\backslash z_{l_{p}}$
$\subseteq$
$(T\cup\cup^{k}(X_{i}\backslash y_{i}))\cup X_{j\ell_{1}}\backslash z_{l_{1}}\cup\wedge Y_{j\iota_{2}}\backslash z_{l_{2}}\cup$




,‘ $\{z_{l_{1}}, . , z_{l_{p}}\}\subseteq\{$ ’1,4 , $z_{b}\}$ $z_{l_{1}}$ , , , $z_{l_{p}}$
(C3) ,$|$ $1\leq i\underline{<}p$ $z_{l_{i}}\in X_{j_{t_{i}}}$
$C’$
$C”$ $C^{\prime\prime+}\backslash T$ $C^{\prime+}’\backslash T$ stem
$X_{1}$ , , $J\mathrm{Y}_{k}$ $C^{\prime\prime+} \backslash T\subseteq(\bigcup_{i=1}^{k}.\lambda_{i}^{7})$
1 $\overline{l}$ $C^{\prime\prime+}\backslash T\subseteq X_{i}$
$C^{\prime\prime+}\backslash T=\prime \mathrm{Y}_{i}$ ( $C^{\prime\prime+}\backslash T\subset$$\mathrm{Y}_{i}arrow$
$X_{i}$ stem $C^{\prime\prime+}\backslash T\subseteq J\mathrm{Y}_{i}$
$i$ $C^{\prime\prime+}\backslash T$ 2 $X_{i}$










stem $\mathrm{c}1_{11}\mathrm{t}\mathrm{t}\mathrm{e}\mathrm{r}$ ‘ ,
3 Minimally nonideal circulant clutters
Clutter $\mathrm{C}$ t $A(\mathrm{C})$ $\mathrm{C}$
$C\supset- v$ $(C, v)$ 1 0
$\mathrm{C}=$
$v_{1}$ $v_{2}$ $v_{3}$ $v$4
$arrow$ $A(\mathrm{C})=$ $C_{1}C_{2}C_{3}$





Clutter $\mathrm{C}$ ideal ,1 ( ideal =
( ideal ( ideal clutter
ideal clutter nonideal clutter
( ideal (
( ideal clutter minimally nonideal clutter
Clutter idealness ( packing property. IVIFIVIC (max-flow
$\mathrm{n}$-cut property)
$\mathrm{i}\mathrm{d}\mathrm{e}\mathrm{a}\mathrm{l}\Leftarrow$ packing $\mathrm{p}\mathrm{r}\mathrm{o}\mathrm{p}\mathrm{e}\mathrm{r}\mathrm{t}\mathrm{y}\Leftarrow$ MFM $\mathrm{C}$
,,
[4]
( $T=\emptyset$ ) stem clutter I 2 MFMC
[7]
3.1. ([7])2 stem clutter MFMC

















3 ,. stem clutter




$\{\{1,2,1 , k\}, \{2,3, . , k+1\}, \{3,4, , k+2\}, | , \{m, 1,1 , k-1\}\}$
clutter ( 3.1 clutter X $\mathrm{C}_{5}^{3}$
)
3.2. 3 ( $\mathrm{f}\mathrm{f}\mathrm{l}\backslash$ 3
1 ) stem clutter
minimally nonideal circulant clutter I $\mathrm{C}_{3^{\backslash }}^{2}\mathrm{C}_{5}^{2}\tau \mathrm{C}_{7}^{2}\backslash \mathrm{C}\frac{3}{\mathrm{i})}$
4
( ). [5] circulant nimally nonideal clutter
$\mathrm{C}_{3}^{2},$ $\mathrm{C}_{5}^{2},$ $\mathrm{C}_{7}^{2},$ $\mathrm{C}_{9}^{2}$ , , $\mathrm{C}_{27r\iota+1}^{2}$ ,
$\mathrm{C}_{5}^{3}*$ , $\mathrm{C}_{8}^{3},$ $\mathrm{C}_{11}^{3},$ $\mathrm{C}_{14}^{3},$ $\mathrm{C}$17’
$\mathrm{C}_{7}^{4},$ $\mathrm{C}_{11)}^{4}\mathrm{C}_{9}^{5},$ $\mathrm{C}_{11}^{6},$ $\mathrm{C}_{13}^{7}$
,
$\dashv$ 2.2 .. 3 stem 3
$\mathrm{C}_{7}^{4},$ $\mathrm{C}_{11}^{4},$ $\mathrm{C}_{9}^{5},$ $\mathrm{C}_{11}^{6},$ $\mathrm{C}_{13}^{7}$ 3 stem clutter
clutter 3 stem clutter
2.4
clutter 3 stem clutter
( -. $\mathrm{C}_{k}^{\Delta}’(k\underline{>}9)$ $\mathrm{C}_{l}^{3}(l\underline{>}8)$
3 stem clutter (
{1, 4, 7} {1, 5}
3 2 2.4
)
$\mathrm{C}_{3}^{2},$ $\mathrm{C}_{5}^{\mathit{2}},$ $\mathrm{C}_{7}^{2},$ $\mathrm{C}_{5}^{3}$
’
4 3 stem clutter
201
$\circ \mathrm{C}_{3}^{\mathrm{Q}}L-\sim$ { $\{v_{1},$ $v_{2}\})$ {v2, $v_{3}\})$ {v3, $v_{1}\}$ }
$V=\{v1, v_{2}, v_{3}\}$ , $T=\{t1, t_{2}, t_{3}\}$ . $(V\cup r_{\}}T)$
$t_{2}$
$\bullet$ $\mathrm{C}_{5}^{2}\simeq$ {{v1, $v_{2}\})$ {v2, $v_{3}\})$ {v3, $v_{4}\},$ {v4, $v_{5}\},$ {v5, $v_{1}\},$ }
$V=\{v1, v_{2}, v_{3}, v_{4}, v_{5}\}$ , $T=\{t1, t_{2}, t_{3}, t_{4}, t_{5}\}$ $f$ $(V\cup r, T)$
$\mathrm{o}$
202
$\mathrm{o}\mathrm{C}_{5}^{3}\sim-\{\{’\downarrow j_{1}v_{2}, v_{3}\}’,, \{v_{2}, v_{3}, \prime U_{4}\}, \{v_{3}, v_{4}, v_{5}\}, \{v_{4}, v_{5}, v_{1}\}, \{v_{5}, v_{1}, v_{2}\}\}$
$V=\{v1) v_{2}, v_{3}, v_{4}, v_{5}\}$ , $T=\{t\mathrm{l}\}$ f $(V\cup r, T)$
$\mathrm{o}$ -t1
( $r,$ $v_{1},$ $v_{2},$ $v_{3_{7}}v$4, $v_{5}$ $t_{1}$ )
3.3. 3 clutter
minimally nonideal circulant clutter 1 $\mathrm{C}_{3}^{2},$ $\mathrm{C}_{5}^{2},$ $\mathrm{C}_{7i}^{2}\mathrm{C}g$
4
( ). 1 3.2 4
nimally nonideal circulant clutter ’Ac$\backslash \backslash$3.2( )
$\mathrm{C}_{7}^{4}$
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